SUMMARY
Many aspects of sex chromosome evolution are common to both plants and animals [1] , but the process of Y chromosome degeneration, where genes on the Y become non-functional over time, may be much slower in plants due to purifying selection against deleterious mutations in the haploid gametophyte [2, 3] . Testing for differences in Y degeneration between the kingdoms has been hindered by the absence of accurate age estimates for plant sex chromosomes. Here, we used genome resequencing to estimate the spontaneous mutation rate and the age of the sex chromosomes in white campion (Silene latifolia). Screening of single nucleotide polymorphisms (SNPs) in parents and 10 F 1 progeny identified 39 de novo mutations and yielded a rate of 7.31 3 10 À9 (95% confidence interval: 5.20 3 10 À9 À 8.00 3 10 À9 ) mutations per site per haploid genome per generation. Applying this mutation rate to the synonymous divergence between homologous X-and Y-linked genes (gametologs) gave age estimates of 11.00 and 6.32 million years for the old and young strata, respectively. Based on SNP segregation patterns, we inferred which genes were Y-linked and found that at least 47% are already dysfunctional. Applying our new estimates for the age of the sex chromosomes indicates that the rate of Y degeneration in S. latifolia is nearly 2-fold slower when compared to animal sex chromosomes of a similar age. Our revised estimates support Y degeneration taking place more slowly in plants, a discrepancy that may be explained by differences in the life cycles of animals and plants. RESULTS 
AND DISCUSSION
Silene latifolia has emerged as a model species for studies of sex chromosome evolution in plants [1, 4, 5] . The sex chromosomes in S. latifolia evolved from a pair homologous autosomes [6] that stopped recombining and gradually diverged into highly distinct X and Y chromosomes. Based on a relatively low silent site divergence (D s < 25%, e.g., [7] ) between homologous X-and Y-linked genes, it is thought that sex chromosomes in this species are of recent origin, though the actual age is not known because the rate of sequence divergence has not been accurately estimated. To estimate this rate and calculate the age of sex chromosomes, we assembled a reference genome for a male S. latifolia and then measured the per-nucleotide per-generation spontaneous mutation rate in this species.
Assembly and Annotation of a Male Silene latifolia Reference Genome
To obtain a S. latifolia male genome, we conducted genomic sequencing and de novo assembly of a male (Sa984) that was used as a paternal parent in a genetic cross. For sequencing, we used a combination of long error-corrected PacBio reads and Illumina sequencing data (118 Gb of data with insert sizes from 150 bp to 10 kb). The resulting assembly contained 319,549 contigs totaling 1,185.24 Mb in length (N50 = 10,785; see assembly summary statistics in Table S1 ). Although this corresponds to about 1/3 of the estimated 2.8 Gb of S. latifolia genome [8, 9] , the assembly contained 198 (79.8%) of the 248 ultraconserved core eukaryotic genes [10] , suggesting that the assembled part of the genome is enriched for genic sequences, while the rest is likely to be represented mostly by repetitive sequences. Broadly consistent with this, 61.4% of the male S. latifolia genome was previously estimated to comprise repeats, including transposable elements and rDNA [11] . Following repetitive sequence masking and annotation (see Method Details), the partial assembly was used as a reference sequence throughout the paper.
A fraction of the genomic contigs were classified as X linked (21.756 Mb in 812 contigs, Table S2 ), Y linked (7.78 Mb in 511 contigs, Table S3 ), and pseudoautosomal (8.92 Mb in 398 contigs, Table S4 ), based on single nucleotide polymorphism (SNP) segregation and a blastn search of known sex-linked genes [7] against the genome. In addition, 73,922 further putative Y-linked sequences with a total length of 112.69 Mb were identified using the difference in the depth of sequencing coverage between the Y-linked genes and the rest of the genome (Figure S1 ; Table S3 ). Altogether, this yielded 151 Mb (75,643 contigs) of sex-linked (including the pseudo-autosomal region) and 1.03 Gb (243,909 contigs) of non-sex-linked sequences (Table S1 ). The identified sex-linked sequences correspond to $11% of the genome assembly, which is close to the estimated relative size of the Y chromosome ($10% of the genome) based on cytogenetic analyses [4] . The X-linked, Y-linked, and nonsex-linked contigs contained 1,247, 1,003, and 19,195 putative protein-coding genes, respectively. Among these sex-linked genes, 953 had homologs present on both the X-and the Y-linked contigs (with 201 present in the genetic map published previously [7] ).
The Spontaneous Mutation Rate in Silene latifolia
Relatively little is known about spontaneous mutation rates in plants compared to animals, where about a dozen species have already been studied (Table 1) . To measure the spontaneous per-generation mutation rate in S. latifolia, we looked for de novo mutations that occurred over one generation in a genetic cross between individuals sampled from the wild. For this purpose, we conducted Illumina genomic sequencing of the parents and 10 F 1 progeny (six females and four males; 433 Gb sequence data in total) and compared these genomes to identify SNPs that are present in only one F 1 progeny and absent from the parents. Such SNPs, which are private to one of the F 1 individuals, must be either de novo mutations or false-positives arising due to sequencing errors.
In total, we analyzed 2,666 Mb of callable sites across the 10 F 1 individuals (sites with minimal mapping quality R30 and sequence coverage R10 in both parents and F 1 progeny). After quality filtering (see Method Details) and verification using highthroughput targeted amplification and sequencing (Illumina TSCA), we confirmed 39 SNPs, private to one of the F 1 individuals, as true de novo mutations (Table S5) . These de novo muta- The S. latifolia spontaneous mutation rate represents the first such estimate for the Caryophyllales, which comprises over 11,000 species, including carnations, pinks, amaranths, portulacas, and vegetables such as beetroot and spinach. Only two other spontaneous mutation rate estimates are available for land plants, Arabidopsis thaliana [12] and Prunus persica [13] belonging to the Brassicales and Asterales, respectively. The addition of S. latifolia to this list reveals a remarkable similarity in mutation rates across three plant orders ( Table 1) , suggesting that eudicots, and possibly flowering plants generally, have similar per-nucleotide per-generation mutation rates.
Patterns of Mutation in the Silene latifolia Genome
Two of the 39 de novo mutations appeared in sex-linked sequences: one T to G substitution on the Y chromosome (scaffold 8,750 position 5,404) and another T to G substitution on the X chromosome (scaffold 1,550 position 27,017). The remaining 37 de novo mutations are not sex linked (Table S5) . Given the relative sizes of the X-or Y-linked and autosomal genomic scaffolds, there is no significant difference in mutation rates between the sex chromosomes and the autosomes (c 2 test; p = 0.479). We observed that the GC content is not at equilibrium in S. latifolia, with an excess of G/C to A/T de novo mutations (18 out of 39) compared with mutations in the opposite direction ( Figure 1 ; Table S5 ). Three of the G/C to A/T de novo mutations appeared at CpG sites. With a total genome size of $2.8 Gb and assuming a constant nucleotide mutation rate over time, this mutation pressure alone should lead to a depletion of $4 G or C nucleotides per haploid genome per generation. Importantly, the non-equilibrium state of the GC-content is predicted to affect the overall mutation rate [14] . We estimate that, at the predicted equilibrium GC content (GC eq = 24.8%), the S. latifolia mutation rate would be m eq = 6.78 3 10
À9
, $7% lower than the observed rate, a modest effect compared to A. thaliana and P. persica where, respectively, 64% and 40% reductions, compared with the predicted equilibrium rates, were estimated [12] [13] [14] .
The mutation rate in S. latifolia fits the general trend of a positive correlation between the mutation rate and genome size reported previously [14, 15] (Pearson correlation test, r = 0.70, p value = 0.0037, n = 15; data from Table 1 ). Because of the negative correlation between effective population size and genome size [16] , this trend is thought to result from the so called ''drift barrier'' hypothesis postulating that most species have the minimum possible mutation rate achievable by natural selection given the population size of the species [17] .
The Age of the Sex Chromosomes in Silene latifolia
The cessation of recombination between the S. latifolia X and Y chromosomes has evolved in several steps, as indicated by the presence of ''evolutionary strata'' [6, 7, [18] [19] [20] [21] . Using the strata delimited in a previous study (see Figure 1 in [7] ) provided us with 86 and 115 genes with known positions in the genetic map, belonging to the older and younger strata, respectively. Based on the S. latifolia mutation rate reported above and the mean synonymous divergence between homologous X-and Y-linked genes for each stratum (D s = 0.107 and 0.062 for old and young strata, respectively), we estimate that the older and the younger strata began to diverge 7.33 (95% CI: 5.21 -10.02) and 4.20 (95% CI: 2.99 -5.74) million generations (MG) ago. Assuming that the generation time of S. latifolia in nature is 1.5 years [22] , the ages of the two strata are 11.00 (95% CI: 7.83 -15.03) and 6.32 (95% CI: 3.0 -8.64) million years (Ma) respectively.
It is worth noting that our sex chromosome age estimate is conditional on several assumptions. In particular, we assumed that the synonymous substitution rate is constant over time, which may not be correct. Synonymous substitutions are not entirely neutral [23] due to selection on exonic splice site enhancers [24] and codon bias [25] . The efficacy of selection on silent sites likely varies over time due to its dependence on the effective population size, causing variation in synonymous rate and adding uncertainty to molecular-clock-based estimates [26] . Furthermore, we assumed that mutation rate is the same on the autosomes and the sex chromosomes. If this assumption is not correct, then we may have under-or overestimated the age of sex chromosomes. The number of de novo mutations detected in our analysis was too small to test whether the mutation rate on the sex chromosomes differs from that on the autosomes. In animals, the larger number of cell divisions in male gametogenesis compared to female gametogenesis results in male-biased mutation rates [27, 28]-the so-called male-driven evolution effect that increases the mutation rate on the Y chromosome and reduces the X chromosome rate relative to the autosomes [29, 30] . However, similar synonymous substitution rates for the X-and Y-linked genes of S. latifolia indicate no male-driven evolution in this species [3] . Thus, our genomewide estimate of the mutation rate in S. latifolia should be applicable to the sex chromosomes.
Our study is the first to date the age of sex chromosomes in S. latifolia based on the actual mutation rate in the species. Our mutation-rate-based estimate is close to the widely used 
To place our results into the context of other species, we compiled the degeneration rates of Y (or W in birds) chromosomes from other multicellular eukaryotes ( Table 2 ). The rate of gene loss varies from 0.5% per Ma in human (considering the entire Y chromosome) to 26.6% per Ma for the neo-Y chromosome of Drosophila miranda. The latter species does not have evolutionary strata due to lack of recombination in Drosophila males, so the entire neo-Y stopped recombining once it evolved father-to-son inheritance about 1.75 mya [40] . Although the rate of Y degeneration in D. miranda looks exceptionally high, this may be due to very short generation time in this species. Assuming that there are ten D. miranda generations per year reduces its Y degeneration rate to only 2.6% per MG, bringing it in line with the rates in other animal species ( Figure 2) . As reported previously [35, 43] , the rate of genetic degeneration is negatively correlated with the age of the stratum (Pearson correlation test, r = À0.85, p value = 2 3 10 À5 , n = 16; Figure 2 ; data from Table 2 ). The correlation is stronger if only animal data are taken into account (Pearson correlation test, r = À0.94, p value = 6 3 10 À7 , n = 14; data from Table 2 ). The rate of degeneration in each of the S. latifolia strata is about 60% of that in the animal species with strata of a comparable age (Figure 2) , which is consistent with earlier claims that Y degeneration in plants is slower due to stronger purifying selection at the haploid stage of plant life cycle-in the gametophyte and gamete [2, 3] . Alternatively, a slower rate of Y degeneration in Silene could be due to the lack of male-driven evolution [3] , resulting in fewer mutations per generation compared to mammalian Y chromosomes. However, if this factor were an important contributor, then female-specific W chromosomes in birds would be expected to degenerate at an even slower rate than the S. latifolia Y chromosome, which is not the case (Figure 2 ).
Conclusions
We measured the mutation rate in white campion and found it to be remarkably similar to two other estimates for plants [12, 13] . The similarity in mutation rates across three disparate eudicot lineages suggests a conservation that may extend across eudicots and perhaps even more broadly. Our estimated spontaneous mutation rate in S. latifolia allowed us to measure the age of sex chromosomes in that species, which confirms their relatively recent origin of $11 million years. Although approximately half of the Y-linked genes in white campion are now interrupted by premature stop codons, by applying our divergence time estimations, we find that the Y chromosome is degenerating considerably slower compared to animals. Table 2 . Blue, Homo sapiens; green, S. latifolia; orange, five bird species; purple, Drosophila miranda neo-Y. Multiple points are shown for single species that have strata of different ages. Green bars are the confidence intervals for the age of the two strata in S. latifolia. The degeneration rate on the vertical axis is in the percentage of genes lost per million generations.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Twelve individuals of the plant Silene latifolia (white campion) were used for this study: one male parent (individual number Sa984), one female parent (individual number Sa985) and 10 F1 progeny (4 males, 6 females) from the Sa984 x Sa985 cross. All individuals were grown in the glasshouse at the University of Oxford (Department of Plant Sciences).
METHOD DETAILS
Genomic sequencing data To measure mutation rates in S. latifolia we generated and analyzed genome sequence data for the parents and 10 F 1 offspring (four males and six females) of a genetic cross between female (Sa985) and male (Sa984) plants grown from seed collected in 2005 in Austria and England, respectively. Both the parents and the F 1 progeny of this cross were grown in the glasshouse in Oxford. DNA was extracted from fresh plant leaves of both parents and F 1 progeny with the Plant DNeasy Mini kit (QIAGEN) and sequenced on an Illumina HiSeq2000 platform with 100 bp paired-end reads. Furthermore, to improve the genomic assembly we generated mate pair Illumina reads with $2 kb, $5 kb and $10 kb insert sizes as well as PacBio sequence data for the male parent of the cross.
Identification and verification of de novo mutations
SNPs that are present only in a single F 1 progeny, but not in the parents (singleton SNPs) must either be errors or de novo mutations.
To minimize the number of PCR and sequencing errors due to library preparation process we prepared and sequenced at least three separate libraries per individual. Only those singleton SNPs that were found in more than one library were kept for further analyses. As our aim was to estimate the age of sex chromosomes rather than to comprehensively characterize the patterns of de novo mutations, we therefore focused on single nucleotide mutations and ignored more complex types of mutations (insertions, deletions). The Illumina reads of each of the parents and F 1 progeny were mapped to the S. latifolia male genome with Bowtie2 [57] and the resulting SAM files were processed with Samtools [66] . We performed the SNP calling with HaplotypeCaller from GATK [68] in the recommended pipeline (i.e., MarkDuplicates, IndelRealigner, RealignerTargetCreator). To distinguish between de novo mutations and standing SNPs and limit the number of false positives, we filtered out the SNPs if:
(i) the alternative allele was present in another F 1 genome (ii) the alternative allele was present in the parents (iii) the coverage was below 10 (both in the F 1 and parent genomes) (iv) the mapping quality was below 30 (MQ value in the vcf. file) (v) the alternative allele was supported by less than one third of the total number of reads mapping to that position.
To check the accuracy of this SNP filtering procedure, we used a high-throughput targeted amplification and sequencing (Illumina TSCA), followed by manual verification. Sequencing-based verification was done for each of the 39 candidate de novo SNPs by PCR and Sanger re-sequencing in both parent and F 1 progeny. Once the set of de novo mutations was identified, we used SnpEff [69] to infer the possible effect of each mutation on the phenotype.
Following the method from Keightley and co-workers [47, 72], we estimated the false negative rate in the experiment by artificially introducing 1,000 mutations into raw sequence reads using the empirical distributions of numbers of non-reference bases at heterozygous sites in the offspring. Modified reads were extracted from the SAM files and re-mapped against the reference genome. We then repeated the procedure of SNP calling and filtering with the same pipeline as described above. The proportion of artificial mutations at callable sites that we failed to detect was < 1%, implying that the false negative rate was low.
Mutation rate analysis
The per-nucleotide mutation rate was calculated as the number of confirmed de novo mutations (i.e., 39) divided by the number of callable sites in each of the F 1 individuals (Table S1 ). Callable sites are only those positions where the reference base is known, the coverage is R 10 and mapping quality (MQ) > 30. We calculated the 95% confidence interval of the mutation rate with a Poisson distribution with 39 events, assuming that mutations are rare events. To place our estimate of the mutation rate in the context of other species, we used mutation rates that have been published for multicellular eukaryotes (15 species, Table 1 The strength of mutational GC bias in S. latifolia was calculated from the ratio R 1 /R 2 , while the equilibrium GC content was calculated using the equation GC eq = R 2 /(R 1 +R 2 ). The distribution of mutations was compared to the random expectation with a Chi-square test, with a H 0 hypothesis that mutations occur randomly and independently. To establish whether a de novo mutation was X-linked, Y-linked or autosomal, we analyzed the segregation of SNPs adjacent to the de novo mutation. Exclusive inheritance of SNPs from fathers to sons or to daughters indicates Y-linkage or X-linkage, respectively.
The age of the sex chromosomes Assuming that synonymous mutations are neutral, the time of divergence (in generations, t g ) between homologous Y-and X-linked genes can be calculated from equation t g = d s /2m, where d s is the synonymous sequence divergence and m is the per nucleotide mutation rate [73] . The age of the sex chromosomes (in years, t y ) was obtained from t g assuming 1.5 years per generation in S. latifolia [22] . Estimates of d s for hundreds of S. latifolia X-and Y-linked gametologs are available from a previous study [7] . To estimate the age of the evolutionary strata in S. latifolia we used a subset of sex-linked genes (201 homologous X-and Y-linked gene pairs, Table S2 ) for which the positions of X-linked genes in the genetic map are known [7] . The ages were calculated for each gene, at each position in the genetic map and for each of the two strata. The older and the younger strata are defined as the regions from 0 to 46 cM and from 46 to 63 cM of the genetic map, respectively [7] . The older and the younger strata contain 86 and 115 genetically mapped genes, respectively. The rest of the X chromosome (63 to 114 cM; 107 mapped genes [7] ) represents the pseudoautosomal region (PAR) that pairs and recombines in male meioses.
QUANTIFICATION AND STATISTICAL ANALYSIS
The summary statistics for the genome assembly (Table S1) were obtained with a custom perl script fnaSummary.pl. The proportion of the genes included in the genome assembly was assessed with CEGMA [10] pipeline that was run in a virtual machine (http:// korflab.ucdavis.edu/datasets/cegma/cegma_vm.html). The distribution of read coverage across genomic contigs ( Figure S1 ) was obtained with samtools idxstats command [66] to calculate the RPKM values for each contig for all males and all females. The randomness in the distribution of de novo mutations across the genome was tested with a chi-square test in R v.3.4.4 (http://www.R-project.org). The correlation tests using the data listed in Tables 1 and 2 were performed with Pearson linear model implemented in R. Details are provided in the Methods section above. Both Figure 1 and Figure 2 were plotted in R.
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